INTRODUCTION
Nuclear magnetic resonance (NMR) is a very important tool in studying microscopic phenomena in physics, chemistry, material science, biology, and medicine. Determination of spectral parameters using the quantum-chemistry methods helps in the assignment and interpretation of the experimental data. Electronic structure calculations provide experimentally unavailable information, allow detailed studies of microscopic mechanisms, verification of difficult experiments, and a priori examination of "what if" situations [1] . Calculations of NMR parameters are essential in areas ranging from high T c superconductors to the hydrogen bonded systems and backbone conformation of proteins. The NMR shielding tensor σ K can be reliably computed even for large molecules, whereas calculations of the spin-spin coupling tensor J KL are still limited to small systems. These quantities are easily computable with ab initio theories and density functional theory (DFT) methods [2] [3] [4] . However, when using quantum-chemical calculations, three important features that complicate the comparison with experiment [1, 4, 5] are neglected: (a) electron-nucleus hyperfine interactions that take place in the region close to the nuclei, where the electrons move fast, make the NMR parameters particularly susceptible to relativity, both scalar and spin-orbit interactions; (b) thermal averaging over rovibrational motion that should be made to allow a direct comparison with experiment and (c) such phenomena as * Dedicated to the memory of Professor Jacek Rychlewski Betaine compounds are zwitterions with two formally charged carboxylate and ammonium groups separated by at least one sp 3 carbon atom. The term betaine, which initially denoted trimethylated derivative of glycine, [Me 3 N + -CH 2 -COO -], actually referes to all the internal quaternary ammonium, sulphonium and phosphonium zwitterions. Betaines are widely used in biology, medicine and pharmacy [6] . It is also known that some crystals of many betaine complexes exhibit phase transitions with ferroelectric, antiferroelectric and ferroelastic behavior [7] . Most of the physical properties exhibited by surfactant molecules in aqueous solutions depends on the dominant conformers. Therefore, theoretical studies on possible geometry of surfactant molecules provide a valuable source of information that allows a confirmation of the experimentally suggested structure of the molecules in a given medium.
In this work we report results of theoretical studies on NMR spectroscopy of some model structures of N-methylmorpholinium betaines (MMBn) and N-methylpiperidinium betaines (MPBn) in which carboxylate and ammonium groups are separated by a spacer (n) containing 1-5 methylene groups. Chemical structures and the numbering system of the betaines with 5 methylene groups (MMB5 and MPB5) are given in Scheme 1. We compare the results of our theoretical studies with the experimental 1 H and 13 C NMR spectra recorded for these compounds.
The problem of prediction of accurate NMR chemical shifts and interpretion of the data using quantum chemical calculations has attracted considerable attention in recent years. It should be noted, however, that these NMR parameters are considerably affected by the chemical environment, i.e., the molecular conformation and the interactions with solvent molecules [4] .
There are only a few publications, to our knowledge, on successful application of the GIAO approach to dipolar molecules such as cationic surfactants or betaines [8] . Therefore, in this work we apply this technique as a tool to compute theoretical values of shielding constants for model structures and correlate the values obtained in such a way with the experimental ones determined for two series of amphotheric surfactants: MMBn and MPBn having the carboxyalkyl spacer (n)
containing from 1to5 methylene groups.
method described for N-(ω-carboxyalkyl)-N-methylpiperidinium inner salts (MPBn) [9] (Scheme 2).
Measurements
NMR spectra were recorded using a Varian Gemini 300 VT spectrometer operating at 300.07 and 75. 
Computational method
The Becke's three-parameter hybrid functional correlation functional (B3LYP) [10] and two split-valence 6-31G(d) and 6-31+G(d, p) basis sets were employed for full geometry optimizations and NMR isotropic shielding calculations. From several stable model conformers only two of them were taken into further considerations. One of them is the linear conformer in which alkyl chain is strained, which ensures that charged groups are maximally separated and the second one is a nonlinear conformer with twisted alkyl chain where the two charged groups are located at a relatively short distance from each other. In the case of the linear conformers, the geometry optimization procedure was performed using a fixed linear conformation of the alkyl chain, while for twisted conformations the optimization procedure was applied without any geometric restrictions. To spare computer time, the zero-point-energy values were not calculated, assuming negligible error in estimation of relative stability in the pair of model conformers. For each optimized conformers geometry obtained in such a way the NMR shielding tensors were calculated by means of the GIAO approach. The computed GIAO 1 H and 13 C isotropic magnetic shielding NMR data were empirically scaled following the procedure given by Forsyth and Sebag [2, 3] to achieve good agreement with experimentally observed δ H and δ C chemical shifts. Such a procedure allows elimination of the systematic error in comparing experimental and computed values of shielding constants for TMS. All calculations were performed with the Gaussian 98
program package [11] . Experimental values of both 1 H and 13 C NMR chemical shifts used in this work for MPBn were previously published [12] , while the corresponding data for MMBn were determined in our laboratory.
Scheme 2.
Theoretical Studies of 1 H, 13 C and NMR Spectra 3. RESULTS
Geometry
The geometry, molecular shape and conformation of the molecule studied are determined by equilibration forces operating through covalent bonds (i.e. 'skeletal' structure) and the so-called 'non-bonded interactions' (i.e. short-range and long-range through space interactions between groups of atoms or local charges within the molecules) as well as through interactions of the molecules with their local environment [13, 14] . In the case of betaines, which are zwitterionic molecules, the electrostatic interactions between the charged groups of atoms are particularly important. Due to nonspecific and nondirectional character of coulombic interactions the conformations of a single free betaine molecule and that in crystals are usually different [15] .
From crystallographic studies it is known that in anhydrous MPB1, the piperidine ring appears in chair conformation with CH 3 group in the axial position and CH 2 COO" group in the equatorial position [16] . The same experimental data for the morpholine analogue are not known. Good quality DFT calculations are the only source of molecular structures for the series of MMBn and MPBn with different spacers. In our previous study we have compared the X-ray data to those calculated at B3LYP/6-311++G(d, p) level for MPB1 and the PM3 method for MPB4, finding avery good agreement [13, 17] . In this work we have found that our geometry optimizations performed in a lower 6-31+G(d, p) basis set give very similar results and, therefore they are more practical for calculations for larger molecules. We consider only chair conformations of the morpholine ring with the CH 3 group in the axial position, as it was found experimentally for MPB1 [16] and for MMB1 HCl [18] , and CH 2 CH 2 CH 2 CH 2 CH 2 COO~ group in the equatorial position. It was found that the optimization of the geometry of betaines leads to two types of stable conformers depending on the number of CH 2 groups between the nitrogen center of the molecule and the carboxy group. Figure 1 shows the structures of the three conformers, one linear (A) and two twisted (B, C) of MMB5. Generally, in the linear structures A the charged parts of molecule are separated by the longest distance between them. In the structures B, the terminal carboxy group approaches the ammonium group in the plane parallel to the ring plane, while in the structures C, from the side opposite to the N-CH 3 group. The B and C conformers are nearly equal in energy, but B one is the mostly stabile due to the nearest distance between charged parts of the molecule ( Table 1) . Table 1 Note: (#) -twisted conformer C (see Fig. 1 ).
The relationships between relative electronic energies [ΔE] computed for morpholinium and piperidinium betaines and the number of methylene groups in the spacer are shown in Fig. 2 . Two parallel straight lines with positive slopes indicate that the increase in the number of carbon atoms in the spacer leads to more stable structures in both series. We have found that the twisted forms of betaines with morpholinium moiety are less stable by ca. 2.0 kcal/mol than the corresponding We can regard the numerical value of the torsion angle C7-N1-C8-C9 (Table 1) The only difference is predicted for the value of the dipole moment (μ) of the molecules with slightly higher values of μ for piperidinium derivatives than for morpholinium ones, as long as the same spatial conformations of the compounds are compared.
Comparison of computed shieldings with experimental data

Carbon-13chemicalshifts
In most studies of theoretical shieldings, a comparison is made either of experimental absolute shieldings to calculated absolute shieldings are compared, or experimental chemical shifts to chemical shifts calculated from absolute shieldings, by subtraction of a calculated reference.
An inherent problem of using a shielding calculated for a reference compound for prediction of chemical shifts was reported in Ref. [19] . The problem is that any error in the calculated shift of the reference compound will be reflected in all of the derived shifts. The second possibility is that the relative order of shifts can be predicted accurately, but the shifts may need scaling in order to achieve quantitative agreement with experimental data. Forsyth and Sebag [2] proposed an empirical scaling procedure for the GIAO shielding calculations and used linear regression data to provide empirical scaling for theoretical isotropic shieldings in order to achieve more closely the level of predictable accuracy needed for practical applications of computed 13 C chemical shifts. # -twisted conformer C (see Fig. 1 )
The computed values of 13 C isotropic absolute shieldings, σ calc , were correlated with experimental values of 13 C chemical shifts (Tables 2 and 3 ), δ exp , according to the following equation:
The values of the slope (A C ) and intercept (B C ) of the least-squares correlation line for Eq. (1) are listed in Table 4 . They were further used to scale GIAO isotropic absolute shieldings, a, to obtain the predicted 13 C chemical shifts. It is seen in Fig. 3 that the experimental values of 13 C chemical shift exhibit a very good linear correlation with the computed data of 13 C screening constant for the linear conformation of MPB4.
Similar good correlations were found for other compounds. It should be noted, however, that the only point located out of the regression line in Fig. 3 is the signal assigned to the C8 atom. It is the α-carbon atom of the alkyl chain of the molecules located in the vicinity of the N-atom. for betaines having n >1, a possibility of their existence in the twisted structure (with the small distant ammonium and carboxyl groups) has to be considered. Tables 5 and 6 
Proton chemical shifts
The numerical values of the slope (A H ) and intercept (B H ) of Eq. (2) were obtained by means of the least-square method. The values of A H and B H coefficients obtained in such a way can be used to scale the GIAO isotropic absolute shieldings, σ, to obtain the predicted 1 H chemical shifts.
The corresponding correlation coefficients, r, are collected in Table 4 . It is seen that the values of the r coefficient are slightly higher for the linear conformers. The value of A H vary from -0.138 to -1.201. The correlation found for protons is less satisfactory in comparison to that for carbon-13
and leads to the opposite conclusion, that the linear conformers dominate in aqueous solutions. Comparison of the theoretical and computed 'HNMR data (Table 4) indicates that the C structure is preferred, especially for the MPB1. For betaines with n>1a better correspondence between the calculated results and the experimental data occurs for the linear structure. As can be seen in Fig. 4 , a big discrepancy can be observed between the computed and the experimental signal Table 6 . Average Note: (#) -twisted conformer C (see Fig. 1) for protons of α-CH 2 group of the alkyl chain in the twisted conformation. Similar discrepancies can be also found for some other twisted conformers of higher members of both series. Therefore, it is reasonable to suppose that the conclusions obtained from the correlations obtained for 13 C NMR data suggesting a close distance between the ammonium and carboxyl groups result from intermolecular interaction between two neighboring molecules leading to formation of polymolecular ionic pairs. The interaction (electrostatic and hydrogen bonding) with water molecules cannot be neglected. Table 7 lists the values of 15 Table 7. 15 N screening constants (ppm) for N-(ω-carboxyalkyl)-N-methylmorpholinium inner salts (MMBn) and N-(ω-carboxyalkyl)-N-methylpiperidinium inner salts (MPBn) # -twisted conformer C (see Fig. 1) surfactants primarily depends on the number of carbon atoms in the alkyl chain. For a given alkyl chain the structure of the two kinds of betaines seems to be similar as long as the 15 N NMR data are considered. Table 4 ). The calculated carbon-13 chemical shifts suggest the twisted conformers while the results of the proton chemical shifts -the linear one.
Nitrogen-15 chemical shifts
